Abstract. MicroRNAs (miRNAs) are small non-coding RNAs that contribute to modulating signaling pathways after radiation exposure and have emerged as a potential therapeutic target or biomarker in the radiation response of cancer. Exposing breast cancer cells to single-dose (SD) or multifractionated (MF) radiation may affect the cells differently. However, the roles of miRNAs in breast cancer cells after the response to SD or MF is not thoroughly understood. Therefore, the purpose of the present study was to comprehensively investigate the response of miRNAs in MDA-MB-361 by using various radiation exposing protocols. Our results revealed that only a small fraction of miRNAs exhibiting differential expressions (>1.5-fold) was identified after MDA-MB-361 cells were exposed to SD (10 Gy) or MF radiation (2 Gy x 5 MF). In addition, we observed that several miRNAs in the MDA-MB-361 cells frequently exhibited differential responses to various types of radiation treatment. Among these miRNAs, the expression levels of an oncogenic miR-17-92 cluster increased following SD radiation treatment. Conversely, miR-19a-3p, miR-20a-5p, and miR-19b-3p expressions were inhibited by >1.5-fold in the following MF treatment. Further analysis of the miR-17-92 cluster expression levels revealed that miR-17, miR-18a, miR-19a/b and miR-20a were significantly overexpressed and miR-92a was downregulated in breast cancer. Functional annotation demonstrated that target genes of the miR-17-92 cluster were predominantly involved in the regulation of radiation-associated signal pathways such as mitogen-activated protein kinase (MAPK), ErbB, p53, Wnt, transforming growth factor-β (TGF-β), mTOR signaling pathways and cell cycles with an FDR <0.05. Overall, the results of the present study revealed distinct differences in the response of miRNAs to SD and MF radiation exposure, and these radiationassociated miRNAs may contribute to radiosensitivity and can be used as biomarkers for radiotherapy.
Introduction
Ionizing radiation, used alone or in combination with surgery and chemotherapy, plays an essential role in the management of breast cancer from the early to advanced stages. More than half of all patients with breast cancer are treated with radiotherapy (1) . Ionizing radiation damages cells by using free radicals from the radiolysis of water that cause DNA double-strand breaks. Extensive biological effects are induced in the cells after radiation exposure, including apoptosis and DNA repair (2, 3) . A complex cell response is elicited to repair radiation damage, including an alteration in gene expression, particularly in genes involved in stress response, cell cycle control and DNA repair (4) . Radiation sensitivity varies widely among people, and much of the difference in the effects of radiation exposure is observed at the gene expression level (5) . A more comprehensive understanding of the tumor radiationrelated genes can be particularly useful for predicting tumor response to radiotherapy and potentially modulating the treatment outcome of breast cancer patients.
Clinically, fractionation is widely used in radiotherapy with multiple 2-Gy fractions over the course of several weeks with total radiation doses of 50-60 Gy. This process allows for sufficient time between dose fractions, it provides treatment benefits involving the further sparing of normal tissue by
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repairing the sublethal damage, and it increases the damage to the tumor through the reoxygenation and reassortment of cells into radiosensitive phases of the cycle between dose fractions. However, in recent years, radiotherapy involving large fraction size [including stereotactic body radiation therapy (SBRT)] and doses from 5 Gy to 25 Gy per fraction has become a mainstay for treating lung cancer or metastatic tumors to achieve more effective tumor control. Tsai et al (6) determined that, at the molecular level, the patterns of gene expression vary substantially between single-dose (SD) and fractionated radiation in 3 cancer cell lines, which results in the differential expression of 463 genes, of which 13 are commonly upregulated in MCF7, SF539 and DU145 cells. Compared with SD radiation, another study revealed that a more robust induction of genes occurs during fractionated radiation (7) . MicroRNAs (miRNAs) are small RNAs of ~22 nucleotides in length that act as crucial negative regulators of protein expression at the post-transcriptional level (8) . These molecules function as inhibitors of target mRNA for either the degradation or inhibition of gene function. Researchers have suggested that miRNAs are responsible for controlling ~50% of all proteincoding genes (9) . Studies have indicated that the expression of miRNAs has been clearly involved in cancer development, and the alternation of miRNAs has been observed in various types of cancer, including breast cancer. Iorio et al (10) identified miRNA aberrant expression in human breast cancer by using systematic profiling, and revealed that it is specifically correlated with pathological features of breast cancer, such as estrogen and progesterone receptor expression, tumor stage, vascular invasion and cell proliferation. miRNAs have also been determined to play vital roles in a majority of biological processes in breast cancer, including tumor cell growth, apoptosis, invasion and metastasis. miR-125a suppresses cell growth and induces apoptosis in breast cancer cells by targeting the mRNA encoding the RNA-stabilizing protein HuR (11) . In a murine xenograft model study, invasion and metastasis were induced by the overexpression of miR-10b in a breast cancer tumor (12) . Among these dysfunctional miRNAs, several have been demonstrated to play a critical role in breast cancer radiosensitivity, including let-7 family miR-7, miR-21, miR-31, miR-200c, miR-199a and miR-302a (13) (14) (15) (16) (17) (18) . However, these radioresponse miRNA expressions may differ depending on whether cells are exposed to an SD or multifractionated (MF) radiation dose. In the present study, miRNA expression profiles were compared in human MDA-MB-361 cells exposed to an SD or MF radiation dose by using the next-generation sequence approach. The data revealed that differential expression patterns of miRNAs occurred when using 2 distinct radiation protocols. Among these patterns, the response of miR-17-92 cluster expression clearly differed between the SD and MF radiation dose in MDA-MB-361 cells. We further investigated the role of the miR-17-92 cluster in breast cancer by using in silico analysis. We concluded that these radiation-response miRNAs can be used as therapeutic targets for improving the efficacy of radiation treatment in future breast cancer therapy.
Materials and methods
Cell culture and radiation treatment. Breast cancer cells, MDA-MB-361, were obtained from the American Type Culture Collection and were maintained in Dulbecco's modified Eagle's medium, supplemented with 10% inactivated fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA). The cells were exposed to various radiation dosages (0, 2, 6, 10, 14 and 18 Gy), and were subsequently cultured in fresh medium. The total RNA was obtained at 15 h following radiation treatment, using TRIzol (Invitrogen) according to the manufacturer's instructions. The concentration, purity and amount of total RNA were determined using a NanoDrop 1000 spectrophotometer (NanoDrop Technologies Inc., USA).
Clinical breast cancer samples. Breast cancer samples (including 44 breast tumors and 29 adjacent normal tissues) were collected from 44 breast cancer patients who received a surgical operation at the Department of Surgery, Kaohsiung Veterans General Hospital. Informed consent was obtained from all the patients. The total RNA of the tissue was extracted using a TRIzol reagent, according to the instructions.
Collection and preprocessing of sequence reads. The MDA-MB-361 cells were exposed to 10 Gy of radiation, administered either as SD or MF radiation. To administer MF radiation, the cells were exposed to 2 Gy a day for 5 days. After the final dose of radiation treatment was administered, the cells were lysed at 15 h for RNA extraction. The RNA samples were prepared using an Illumina small RNA preparation kit, and were subsequently sequenced using the Illumina HiSeq platform. The generated sequence reads were first subjected to quality control to remove low-quality reads. The sequence reads were then subjected to 3' adaptor trimming to generate clean reads, as previously described (19, 20) . To attain a high confidence level, only the clean reads with a read count ≥2 and with a length ranging from 15 to 27 nt were included in further analyses.
Mapping clean reads to pre-miRNAs. To investigate the miRNA expression profiles in various libraries (control, SD and MF radiation), the qualified clean reads were mapped back to human pre-miRNAs (miRBase 19). To eliminate ambiguous multiple hits during the mapping procedure, no mismatch was allowed. Previous studies have reported that, when mapped back to pre-miRNAs, sequence reads typically carry mismatches preferentially located at the terminal 3' ends (21) (22) (23) (24) . This mismatch was termed the 3' end modification. Based on the read count of all the isomiRs belonging to the same mature miRNAs, the miRNA expression levels were evaluated and presented in transcripts per million (TPM).
Stem-loop reverse transcription and real-time polymerase chain reaction. Reverse transcription (RT) primers were specifically designed for examining miRNAs according to the methods used by Chen et al (25) . One microgram of total RNA was reverse transcribed in a stem-loop RT reaction, using RT primers and a SuperScript III Reverse Transcriptase according to the user manual (Invitrogen). The reaction was performed under the following incubation conditions: 30 min at 16˚C, followed by 50 cycles of 20˚C for 30 sec, 42˚C for 30 sec and 50˚C for 1 sec. The enzyme was subsequently inactivated by incubating it at 85˚C for 5 min. Real-time polymerase chain reactions (PCRs) were performed using a miRNA-specific forward primer and a universal reverse primer combined with incubation at 94˚C for 10 min, followed by 40 cycles of 94˚C for 15 sec and 60˚C for 32 sec. The gene expression levels were detected using the SYBR-Green I assay (Applied Biosystems, Foster City, CA, USA), and the miRNA expression levels were normalized to that of U6. The primer sequences for the examined miRNAs are listed as follows: miR-17-RT, CTCAACTG GTGTCGTGGAGTCGGCAATTCAGTTGAGCTACCTGC and miR-17-GSF, CGGCGGCAAAGTGCTTACAGTG; miR18a-RT, CTCAACTGGTGTCGTGGAGTCGGCAATTCAG TTGAGCTATCTGC and miR-18a-GSF, CGGCGGTAAGG TGCATCTAGTG; miR-19a-RT, CTCAACTGGTGTCGTG GAGTCGGCAATTCAGTTGAGTCAGTTTT and miR19a-GSF, CGGCGGTGTGCAAATCCATGCA; miR-19b-RT, CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAG TCAGTTTT and miR-19b-GSF, CGGCGGTGTGCAAATC CATGCA; miR-20a-RT, CTCAACTGGTGTCGTGGAGTC GGCAATTCAGTTGAGCTACCTGC and miR-20a-GSF, CGGCGGTAAAGTGCTTATAGTG; miR-92a-RT, CTCAA CTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACAGG CCG and miR-92a-GSF, CGGCGGTATTGCACTTGTCCCG.
miRNA expression level according to The Cancer Genome
Atlas data. Members of The Cancer Genome Atlas (TCGA) project collect both cancer and corresponding normal tissues from hundreds of breast cancer patients. All the level-3 miRNA expression data for breast cancer were downloaded from the TCGA data portal (https://tcga-data.nci.nih.gov/tcga/ dataAccessMatrix.htm). These level-3 data included calculated expressions for each miRNA derived from the next-generation sequencing results. In addition, the expression profiles of miRNAs observed in the tumor and corresponding normal samples of 102 patients were downloaded. The normalized quantification expression levels for these 102 participants were further examined for each investigated miRNA.
Pathway enrichment analysis. The target genes of miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92a were downloaded from TargetScan 6.0, and were then mapped onto the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways based on the Enzyme Commission (EC) numbers by using the R package SubPathwayMiner v.3.1 software (26) . Subsequently, a hypergeometric test was performed to identify significantly enriched pathways and to calculate the false positive discovery rate in the FDR-corrected q-value.
Results

miRNA profiling of radiation-treated breast cancer cells.
By using the next-generation sequencing approach, we comprehensively analyzed the distribution of miRNAs in MDA-MB-361 cells after administering SD and MF radiation at 10 Gy. As shown in Table I , we obtained >8 million clean reads in 3 libraries. By summarizing the read count of all the isomiRs belonging to the same mature miRNAs, we quantified the miRNA expression abundances, presented in TPM. After mapping the clean reads to the genome, >500 miRNAs expressed in the MDA-MB-361 cells (TPM >1) were detected. Most of these miRNAs were consistently expressed between the control group and the group that received radiation treatment with SD or MF radiation (R 2 >0.8; Fig. 1A ). Only a small fraction of the miRNAs were identified as being differentially expressed (>1.5-fold) after the MDA-MB-361 cells were exposed to a 10-Gy SD and 2-Gy x 5 fractionated radiation.
Comparing the control cells revealed that 13 and 31 miRNAs were upregulated and downregulated, respectively, after undergoing 2-Gy x 5 fractionated radiations. In addition, 52 and 20 miRNAs were upregulated and downregulated, respectively, after undergoing 10-Gy SD radiation (Fig. 1B) . Tables II and III list the top 20 upregulated and top 20 downregulated miRNAs after undergoing MF or SD radiation.
SD and MF radiation induces dissimilar miRNA responses in MDA-MB-361.
Although most of the miRNA expression was consistent after MF and SD radiation treatment (R 2 =0.8285; Fig. 1A ), we observed that several radiation-induced miRNA responses were dissimilar between those treated with either SD or MF radiation. In the present study, we revealed that using various radiation exposure methods caused 8 common miRNAs in MDA-MB-361 cells to change >1.5-fold under MF and SD radiation, including the upregulation of 4 miRNAs: miR-32-3p, miR-126-5p, miR-181c-5p and miR-424-5p, and the downregulation of 4 miRNAs: miR-30a-5p, miR-143-3p, miR-339-3p and miR-1246. In addition, the converse response of these miRNAs was frequently observed in the cells that underwent either MF or SD radiation treatment in the present study. The levels of 4 miRNA expressions increased after MF radiation, but after SD radiation, these miRNA expression levels decreased (let-7f-5p, let-7d-5p, miR-423-5p and miR-744-5p). In addition, 16 miRNA expressions were inhibited in 2-Gy MF radiation-treated MDA-MB-361 cells, but were activated following 10-Gy SD radiation treatment.
Radiation-induced miR-17-92 cluster expression.
According to the NGS data, we identified several radiation-induced miRNAs and observed that several miRNAs exhibited differential responses to various radiation treatment methods. Among these miRNAs, we observed that the expression levels of miR-19a, miR-20a and miR-19b clearly increased in the MDA-MB-361 cells after undergoing 10-Gy SD radiation treatment (Table II) . These miRNAs were located at chromosome 13 and belonged to the miR-17-92 cluster, which has been determined to play an oncogenic role in tumorigenesis by regulating cell survival, proliferation, differentiation and cell cycles (27) (28) (29) . The miR-17-92 cluster was embedded with 6 miRNAs: miR-17, miR-18a, miR-19a, miR-20a, miR-19b and miR-92a ( Fig. 2A) . As shown in Fig. 2B , the expression levels of most of the miRNAs in the miR-17-92 cluster increased after undergoing SD radiation treatment. Conversely, the miR-19a-3p, miR-20a-5p and miR-19b-3p expressions were inhibited >1.5-fold in the MDA-MB-361 cells following MF treatment (Fig. 2B) . We further examined the expression levels of the miR-17-92 cluster (only the major arm of the miRNAs was selected) in the MDA-MB-361 cells following treatment with various doses of radiation for 15 h, using the real-time PCR approach. As shown in Fig. 2C , the expression levels of the miRNAs in the miR-17-92 cluster gradually increased in a dose-dependent manner (0, 2, 6, 10, 14 and 18 Gy). These results indicated that, except for miR-92a, miR-17-92 cluster expression can be activated by radiation treatment in MDA-MB-361 cells.
Analysis of the role of the miR-17-92 cluster in breast cancer
by using an in silico approach. Generally, one miRNA typically contains hundreds of target genes and slightly suppresses its own target gene; therefore, conducting a biological function by using a group of miRNAs comodulated with the same signaling pathway may be more efficient. According to this theory, we further examined the miR-17-92 cluster function by using pathway enrichment analysis. We first obtained the putative target genes of a miR-17-92 cluster from TargetScan 6.0; subsequently, these target genes were mapped onto KEGG pathways. The data indicated that the target genes of the miR-17-92 cluster were frequently and significantly enriched in several cancer-related and radiation-related pathways, including the mitogen-activated protein kinase (MAPK), ErbB, p53, Wnt, transforming growth factor-β (TGF-β) and mTOR signaling pathways, and cell cycle with an FDR <0.05 (Table IV; Fig. 3 ). These data indicated that the miR-17-92 cluster participated in cancer cell progression and played a crucial role in radiation therapy by regulating radiation-response pathways.
To further elucidate the role of the miR-17-92 cluster in breast cancer, we analyzed the expression levels of a miR-17-92 cluster in breast cancer, which were provided by the TCGA dataset, using in silico analysis. We downloaded 204 miRNA expression profiles characterizing 102 breast cancer patients. These profiles included breast cancer lesions and the corresponding normal tissues. As shown in Fig. 4A , the expression levels of miR-17, miR-18a, miR-19a, miR-20a and miR-19b were significantly upregulated in the breast cancer cells compared with those of the corresponding normal tissue cells. miR-92a expression was significantly decreased in the breast cancer cells compared with that of the corresponding adjacent cells. We also further examined the expression levels of miR-19a, miR-19b, miR-20a and miR-92a by using real-time PCR in the breast cancer cells. These results were consistent with the TCGA data, indicating that miR-19a and miR-19b expression is significantly upregulated and miR-92a is downregulated in breast cancer cells compared with that of adjacent (Fig. 4B) . Collectively, the data indicated that expression levels of the miR-17-92 cluster were deregulated in breast cancer cells, suggesting that the miR-17-92 cluster plays a vital role in breast cancer progression.
Discussion miRNAs modulate gene expression by degrading mRNA and inhibiting protein translation, and thereby contribute to the regulation of numerous cancer-relevant cellular phenotypes, including cell proliferation, apoptosis, cell cycle, cell motility and stress response (30, 31) . Moreover, dysfunctional miRNAs are involved in breast cancer carcinogenesis through the impairment of cancer-related pathways (32) . Understanding the functions of miRNAs may contribute to cancer diagnosis, prognosis and therapy (33, 34) . Previous studies have indicated that several miRNAs can serve as biomarkers for the diagnosis and prognosis of breast cancer (35) . In a previous study, the expression of miR-210 was determined to be associated with the clinical prognosis of breast cancer. The upregulation of miR-210 was reported to contribute to decreased rates of disease-free and overall survival (36). Kovalchuk et al (37) revealed that miR-451 is correlated with the expression of multidrug resistant genes and that drug sensitivity to doxorubicin-resistant breast cancer could be enhanced by restoring miR-451 into the cell. Thus, correcting the altered expression of miRNA by restoring miR-451 can also be used as a strategy to improve responsiveness to chemotherapy. In addition, miRNAs were observed to exhibit high stability in human serum and plasma (38) . One recent study demonstrated that a decrease in the levels of miR-92a and an increase in the levels of miR-21 were consistent and specific in the serum of breast cancer patients, and suggested that miRNA can be used as biomarkers for early breast cancer detection in the future (39) . Radiation-induced DNA damage initiates cellular responses, such as cell cycle arrest, DNA damage repair and apoptosis (40) . Previous studies have revealed that miRNAs also act as potential agents for predicting radiation responses or Comparison of the miRNA expression levels between the tumor and corresponding normal tissues obtained from 102 breast cancer patients, which were analyzed using the TCGA dataset. The expression levels of the miRNAs were presented in transcripts per million (TPM). (B) The expression levels of miR-19a/b, miR-20a and miR-92a in clinical breast cancer samples were analyzed using quantitative stem-loop PCR with U6 as an internal control. All the samples were assessed in triplicate and analyzed using the Student's t-test (P<0.05 was considered significant). are used to modulate tumor radiation response to cancer cells further, thus enhancing the efficacy of radiation therapy against resistant cancers (34, 35, 40) . In breast cancer, several miRNAs have been identified as critical in influencing the radiosensitivity of breast cancer during radiation therapy, including let-7 family miR-7, miR-21, miR-31, miR-200c, miR-199a and miR-302a (13) (14) (15) (16) (17) (18) . Among the miRNAs identified as potential agents that contribute to radiation responsiveness, let-7 family was one of the first miRNAs to be investigated. A previous study revealed that let-7a overexpression can suppress the expression of K-Ras and radiosensitize lung cancer cells (41) . Another study determined that the ectopic overexpression of miR-7 enhanced EGFR and Akt expression and radiosensitized laryngeal, breast and lung cancer cell (14) . In addition, a recent study demonstrated that miR-21 expression in breast cancer cells contributes to radiation resistance by inhibiting the G2/M check point (16) . The upregulation of miR-302a sensitizes radioresistant breast cancer cells and reduces the expression of AKT1 and RAD52 (42) . Furthermore, miR-199a-5p suppresses radiation-induced autophagy, and inhibits DRAM1 and Beclin1 expression in breast cancer cells (17) . The miR-17-92 cluster is an oncogenic miRNA that regulates cell survival, proliferation, differentiation and angiogenesis in most human types of cancer, including breast cancer (43) (44) (45) . Previous studies revealed that the overexpression of miR-17-92 in human cancer cells markedly decreases the radiosensitivity of these cells through the repression of PTEN and PHLPP2, which causes the activation of the PI3K/AKT pathway to become enhanced (46) . In the present study, the data revealed that the numerous miRNA responses differed between the cells that underwent either SD or MF radiation. Among the miRNAs, we observed that the expressions of the miR-17-92 cluster were upregulated under SD radiation treatment. Conversely, these expressions were frequently inhibited following MF radiation treatment (Fig. 2B) . Tsai et al (6) reported that the survival rate of breast cancer cells following MF (5 x 2 Gy) was higher than that following SD, which was expected since sublethal damage was repaired between fractions. Exposing the breast cancer cells to SD at 10 Gy led to the predominant entry of these cells into the cell death pathway. The observation that the cells were affected differently following SD and MF radiation treatment could explain why miRNA expressions frequently vary based on the treatment method used. John-Aryankalayil et al (20) also demonstrated the differential expression patterns of several miRNAs, including miR-17-92 cluster, miR-34a, let-7 family miRNAs and has-miR-146a, in 3 prostate cancer cell lines after undergoing SD and fractionated radiation. Their results revealed that the miR-17-92 cluster is markedly downregulated by radiation treatment in p53-positive prostate cells. Following radiation treatment, increasing wild-type p53 expression causes cells to accumulate in the G1 phase (47) . The status of p53 was demonstrated to significantly influence the expression profile of genes following fractionated irradiation (48) . Since a mutated p53 gene cell line, MDA-MB-361, was used in the present study, p53-regulated genes should not be induced in MDA-MB-361 cells following radiation treatment. The elevated expression levels of a miR-17-92 cluster in MDA-MB-361 cells undergoing radiation treatment should be p53-independent pathway. Yan et al (49) reported that the miR-17-92 cluster is a novel target for p53-mediated transcriptional repression. The transcription factors, c-Myc and E2F family, have been observed to directly bind to the promoter of the miR-17-92 cluster and increase the transcriptional activity of the cluster (50) (51) (52) . Previous studies have reported that expression levels of c-Myc and E2F can be induced in breast cancer cells following radiation treatment (53) (54) (55) . According to these studies, cells with wild-type p53 cause the expression levels of the miR-17-92 cluster to decrease through radiationinduced p53 activity. Conversely, an increase in miR-17-92 transcriptional activity results from c-Myc or E2F expression levels in mutated p53 cells undergoing radiation treatment.
In the present study, we identified several radiation-associated miRNAs that were clearly altered under either SD or MF radiation treatment, including let-7 family, miR-138 and the miR-17-92 cluster (>2-fold changes; Tables II and III) . Wang et al (13) demonstrated that overexpression of Let-7 enhanced the sensitivity of breast cancer cells to radiation. In addition, miR-138 expression increased under SD treatment. However, overexpression of miR-138 inhibited homologous recombination and enhanced the sensitivity of osteosarcoma cells to multiple DNA-damaging agents including radiation (56). Niemoeller et al (57) identified the expression levels of numerous miRNAs known to be involved in the regulation of cellular processes such as apoptosis, proliferation, invasion, local immune response and radioresistance. These miRNAs, including let-7, miR-138 and miR-1285, displayed 2-3-fold changes after undergoing irradiation. Moreover, several miRNAs previously not known to be radiation responsive were determined in the present study, including miR-149, miR-374a/b, miR-423, miR-424, miR-454, miR-1246 and miR-1296. These miRNA candidates can serve as effective targets for improving the efficacy of radiation treatment in future breast cancer therapy.
